We tried to bond two dissimilar combinations, 5052/SUS304 and 5052/SPCC, by ultrasonic spot bonding. The bondability of bonds was evaluated by performing ultrasonic testing and tensile shear test. In principle, good bonding was obtained by ultrasonic bonding without developing any intermetallic compounds. A good correlation between results of ultrasonic testing and tensile shear test could be obtained by selecting the appropriate threshold level in the ultrasonic testing. The microstructure in nano-scale order was observed near the bond interface using TEM to make clear the mechanism of the bonding. We could notice that amorphous structure was developed near the bond interface and this contributed the good bonding of the dissimilar materials by ultrasonic bonding.
Introduction
The demand for joints of aluminum and steel has greatly increased in a wide range of industrial applications from rail and aviation industries to smaller and more commonly used products such as cooking pans, electrical frying pans, water boilers and heating for kettles and washing machines. Moreover, in automobile industries, joining aluminum alloys to steel has been obtained great interest from the view point of reducing the weight of automobiles to improve fuel efficiency and control air pollution. Therefore, joining between aluminum alloy and steel in different shapes has been receiving attention. 1 4) Unfortunately, there are metallurgical problems inherent in the joining of these two materials as far as conventional fusion welding is concerned. The reasons for this are attributed to the large difference between their melting points, nil solid solubility between aluminum and iron, and the easy development of brittle intermetallic compounds such as Fe 2 Al 5 and FeAl 3 . Furthermore, the difference in their properties (thermal expansion coefficients, conductivities, and specific heats) leads to internal stress after fusion welding. Therefore, fusion welding process should be avoided. Much interest, therefore, exists in the use of solid state joints in which the development of intermetallic compounds at the joint interface is avoided or reduced to acceptable limits. 5 6) So far, many researchers have been concerning with diffusion bonding process, which is one of the solid state bonding processes. In this process, however, we need a vacuum chamber and long time for obtaining the good bonding. As the other process, ultrasonic bonding process, in which we do not need a vacuum chamber and need only shorter time for bonding is available. 7) In this work, the authors tried to bond aluminum alloy 5052 to stainless steel SUS304 and 5052 to cold reduced carbon steel SPCC by ultrasonic bonding in different bonding conditions. Macro-and micro-structures of bonds were observed by an optical microscope. The distributions of constituent elements and the existence of intermetallic compounds were analyzed by EPMA.
We evaluated the bonding situation and the soundness of these bonds by ultrasonic testing (immersion method, C-scope mode), and the mechanical properties of the bonds were evaluated by a tensile shear test. Then we tried to obtain the correlation between the results of ultrasonic testing and a tensile shear test.
Moreover, microstructures in nano-scale order near the bond interface were observed by TEM to understand the bonding mechanism.
Materials Used and Experimental Procedures
Materials used in this study are aluminum alloy 5052 (t 1.5 mm), stainless steel SUS304 (t 1 mm) and cold reduced carbon steel SPCC (t 1 mm) whose chemical composition is as listed in Table 1 . The width and the length of a specimen for each combination are 20 and 100 mm, respectively. Before the bonding, the specimens were cleaned in acetone with an ultrasonic cleaning machine. After that the bonding was performed using an ultrasonic bonding machine and lap joints (overlapped length: 20 mm) were obtained. An aluminum sheet was set in the upper side, which contacted a horn of the machine, and a stainless sheet or SPCC was set in the lower side, which contacted an anvil. Table 2 shows conditions for ultrasonic bonding. For each combination bonding pressure (P = 0.27 MPa) and amplitude (A = 50 m) were kept constant. Input energy (E i ) for the bonding was changed by 5 steps in each combination. The value of the amplitude shown here is the one of free horn tip vibration without load. The vibration direction was parallel to the specimen surface.
When we input the value of input energy into the machine, it is automatically controlled by the area surrounded by a power vs. a bonding time curve during the bonding.
First, macrostructures of the specimens were observed as bonded. After that, the cross-sections of the bonds were microscopically observed using an optical microscope. The distributions of constituent elements near the bond interface were analyzed by EPMA. Moreover, we evaluated the bonding situation by ultrasonic testing (immersion method, C-scope mode) using ultrasonic imaging equipment (AT7000 fabricated by Hitachi Construction Machine Co., Ltd). Table 3 shows the specifications of the probe used. For each combination mechanical properties of the bonds were evaluated by performing a tensile shear test.
Features near the bond interfaces were examined using TEM to get information about crystalline structure for each combination. side), which is a peculiar structure, was observed for all bonding conditions. This pattern is a characteristic of the 5052/SPCC and Figure 3 shows examples of the microstructures near the middle of the bonding interface for the gray pattern area at a higher magnification. It was confirmed that the gray pattern area was mainly consisted of Fe, which diffused during the ultrasonic bonding, as will be mentioned in 3.2 and 3.4. 
Experimental Results and Discussions

Features of bonds and their cross sections
Results by EPMA
Ultrasonic testing
The This concept was based on ultrasonic measurement of the spot weld diameter (nugget diameter) used for failure load prediction. They have reported that ultrasonic waves could be used to estimate shear strength of spot welds but they could not obtain ultrasonic images of the spot welds at that time.
In this work, we tried to evaluate ultrasonic bonds quantitatively by ultrasonic testing. Moreover, we tried to find a correlation between the result of ultrasonic testing and a tensile shear test.
Working sensitivity in ultrasonic testing is affected by the combination of ultrasonic testing equipment and a probe frequency. In order to perform ultrasonic testing under the same condition it is necessary to define the standard echo height using the standard test block and adjust the working sensitivity using the echo height. The working sensitivity was set to 100 % by using the back wall echo from the upper sheet of the specimen bonded. First, the ultrasonic waves were tried to transmit from the specimen surface, which contacted the anvil (SUS 304 side in the case of 5052/SUS304 and SPCC side in the case of 5052/SPCC).
It is not possible, however, to get a good result because the specimen surface is not smooth enough and most of ultrasonic waves were scattered from the surface. After smoothing the surface by grinding, good results could be obtained. Hence, it was necessary to remove the influence of the roughness of the specimen surface to apply ultrasonic testing for evaluating ultrasonic bonds.
12)
The color of the good bonded region obtained in this study It is possible to obtain quantitatively the ratio of good bonded area in the bond area by analyzing the images. For this purpose it is convenient to binarize the images by using the appropriate threshold level. Figure 7 shows examples of images of good bond area represented by gray, after binarizing the original image of C-scope mode at different threshold echo height levels (hereafter referred to as threshold level; in this equipment 256 levels from 0 (blue) and 255 (red)) for the 5052/SUS304.
Features in the bond area change depending on threshold levels. Hence, the good bond area was decided by using the result when binarized at the threshold level of 200 in this work for both 5052/SUS304 and 5052/SPCC. Figure 11 shows the relation between the ratio of good bond area and input energy at the threshold level of 200 for 5052/SUS304. Three specimens were used for each bonding condition for ultrasonic testing. Though the data varied widely, the ratio of good bond area was more than 75 % in average except for the case of input energy E i = 600J (in this case the input energy is too low to obtain good bonding). The ratio of good bond area tended to increase with the increase in the input energy.
Tensile shear test
Tensile shear test was performed for the same specimens after performing ultrasonic testing to evaluate the mechanical properties of bonds. In every case the fracture was observed along the bond interface. Figure 12 shows the relation between the maximum tensile shear load and input energy for 5052/SUS304. Though the data varies, the maximum tensile shear load tended to increase with the increase in the input energy.
The tensile shear strength was obtained by using the results of both the maximum tensile shear load and the ratio of good bond area obtained ultrasonically, that is, by dividing the maximum tensile shear load by the good bond area. Figure 13 (a) shows the relation between tensile shear strength and input energy for 5052/SUS304. The relation in the case of 5052/SPCC was also obtained by the similar process and the result was shown in Fig.   13 (b) . The results shown in Fig. 13 show that the strength estimated corresponds to about 75% of that of the base metal (5052) independently of the input energy. This means that there is a good correlation between the maximum tensile shear load and the ratio of good bond area by ultrasonic testing. The tensile shear strength is larger than that in 5052/5052 combination (75-140 MPa depending on the bonding energy), 12) probably because an oxide film of 5052 is more easily destroyed by the harder dissimilar metal, that is, SUS304 or SPCC in this study. M. Hiraishi reported that surface segregation of Mg retarded the good bonding of Al-Mg alloy sheets in ultrasonic bonding and the adhesion of alcohol on the bonding surface was effective to improve the strength of bonds. 14) It was made clear that the higher tensile shear strength was obtained in the dissimilar metals combination than in the similar metals combination.
In order to make clear microstructures near the bond interface in nano-scale order, this region was observed with TEM. and (d) that these corresponding areas were crystalline and confirmed to be Al and austenitic stainless steel, respectively.
Whereas, an amorphous structure was confirmed along the bond interface as is clear in Fig. 17 (c) . Similar amorphous structure was observed near the bond interface between aluminum and austenitic stainless steel by a vacuum roll bonding technique and a friction welding technique. 6, 15) This is, however, the first result observed in the case of ultrasonic bonds. Moreover, no aluminum oxide was detected in this study.
This means that a thin oxide film on the specimen was destroyed by a rapid plastic deformation of 5052 during the bonding. Then both surfaces of dissimilar metals contact each other without the oxidation during the bonding, and the good bonding was obtained.
Moreover, the diffusion of a few scores of nanometers through the interface should contribute to the good bonding. The development of the amorphous structure would suggest that there occurred some melting of the materials during the bonding due to the severe deformation during the bonding.
Conclusions
(1) Good bonding in 5052/SUS304 and 5052/SPCC could be obtained by ultrasonic bonding with no intermetallic compound.
(2) Characteristic feature of the microstructure near the bond interface of 5052/SPCC is that the peculiar structure named as a gray pattern area was observed in 5052 side in every bonding condition, and Fe rich region was confirmed by EPMA and EDX. nm. This phenomenon contributed to the good bonding.
However, in the case of 5052/SPCC many small crystals of the order of about 50 nm were observed in the diffusion zone, and these were identified to be Fe 2 Al 5 .
